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ABSTRACT

The influence of orographic circulations on the precipitation structure of a Wasatch Mountain winter
storm is examined using observations collected during the third intensive observing period (IOP3) of the
Intermountain Precipitation Experiment (IPEX). The event featured the passage of a midlevel (700–550
hPa) trough followed 3 h later by a surface trough. Prior to and during the midlevel trough passage,
large-scale southwesterly flow impinged on the Wasatch Mountains. Low-level confluence was observed
between this southwesterly flow and along-barrier southerly flow within 20–40 km of the Wasatch Moun-
tains. This confluence zone, which moved toward the Wasatch Mountains during and following the passage
of the midlevel trough, was accompanied by low-level convergence and precipitation enhancement over the
upstream lowlands. Dual-Doppler analysis revealed the presence of a shallow along-barrier jet near the base
of the Wasatch Mountains that was surmounted by southwesterly cross-barrier flow at mid- and upper-
mountain levels. This cross-barrier flow produced strong (1–2 m s�1) ascent as it interacted with the steep
windward slopes of the Wasatch Mountains, where precipitation was roughly double that observed in the
lowlands upstream. Flow deflection and splitting were also observed near the highest terrain features. A
narrow region of strong subsidence, which at times exceeded 2 m s�1, was found to the lee of the Wasatch
and, based on radar imagery, appeared to modulate hydrometeor spillover aloft. Processes contributing to
the evolution of the near-barrier flow field, including topographic blocking, diabatic effects, and surface
friction contrasts, are discussed.

1. Introduction

The narrow and intense vertical relief of the Wasatch
Mountains in northern Utah contributes to the devel-
opment of orographic snowstorms that impact cross-
mountain commerce, mountain communities, and the
densely populated Wasatch Front urban corridor. A
primary goal of the U.S. Weather Research Program is
to improve quantitative precipitation forecasting, with
orographic precipitation identified as a research area
poised for rapid progress (Smith et al. 1997; Fritsch et
al. 1998). Precipitation is strongly modulated by oro-
graphic processes in the Intermountain West, which lies
east of the Sierra Nevada and Cascade Mountains and
west of the Continental Divide. Much of the Inter-
mountain West is characterized by basin-and-range to-
pography, which features narrow, steeply sloped moun-

tain ranges separated by broad alluvial basins. The
western slopes of the Wasatch Mountains of northern
Utah rise 1200–2000 m in 5 km to elevations of more
than 3350 m above mean sea level (MSL; Fig. 1), and
near Ogden, Utah (OGD), are only �10 km in width.
The Wasatch Front urban corridor includes the cities of
OGD, Salt Lake (SLC), and Provo (PVU; see Fig. 1a
for locations). Winter storms in these cities produced
$100 million in property damage over the four winter
seasons from 1993/94 to 1996/97, and such socioeco-
nomic impacts are increasing because of rapid popula-
tion growth that approaches 30% decadally (Blazek
2000; Schultz et al. 2002). In mountain communities
such as Alta (ATB), mean annual snowfall approaches
1300 cm, and storm-cycle accumulations can reach 250
cm (e.g., Steenburgh 2004).

A large body of literature has examined orographic
precipitation processes over ranges such as the Tushar
Mountains and the Wasatch Plateau of central Utah
(e.g., Sassen et al. 1986; Long et al. 1990; Sassen et al.
1990; Huggins 1995), the Park Range of northern Col-
orado (e.g., Sassen 1984; Rauber et al. 1986; Rauber
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and Grant 1986), the San Juan Mountains of southwest
Colorado (e.g., Cooper and Saunders 1980; Marwitz
1980), the Cascade Mountains of Washington (e.g.,
Hobbs 1975), the Mogollon Rim of Arizona (e.g.,

Bruintjes et al. 1994; Klimowski et al. 1998; Reinking et
al. 2000), and the Sierra Nevada of California (e.g.,
Marwitz 1987a,b; Heggli and Rauber 1988; Rauber
1992). However, only recently has dual-Doppler analy-
sis been used to describe the kinematic structure of
orographic storms. For example, Colle and Mass (1996)
used the X-band (3.22 cm) tail-mounted radar on the
National Oceanic and Atmospheric Administration
(NOAA) WP-3D research aircraft to document flow
splitting and precipitation enhancement on the south-
ern slopes of the Olympic Mountains of Washington
and downslope flow and rainshadowing to the lee.
Using NOAA WP-3D and University of Oklahoma
Doppler on Wheels (DOW) radar data collected during
the Mesoscale Alpine Programme (MAP; Bougeault et
al. 2001), Steiner et al. (2003) showed the development
of downvalley flow within a deep Alpine valley that was
surmounted by oppositely directed, orographically
lifted flow aloft. The downvalley flow appeared to be
produced by the evaporation and melting of orographic
precipitation at low levels. Bousquet and Smull (2003a)
further described the multiscale blocking effects during
MAP using airborne radar observations, including flow
channeling along the curved south face of the Alps and
convective instability release windward of the Apen-
nine Mountains. Such airborne Doppler radar data have
also been used to show that upvalley flow may occur in
deep Alpine valleys during unblocked orographic pre-
cipitation events (e.g., Bousquet and Smull 2003b).

This paper describes the kinematic structure of a win-
ter storm over the Wasatch Mountains using data col-
lected during the Intermountain Precipitation Experi-
ment (IPEX). IPEX was held over northern Utah dur-
ing February 2000 to improve the understanding and
prediction of winter storms over the Intermountain
West (Schultz et al. 2002). Detailed observations were
collected during the third intensive observing period
(IOP3) when up to 80 cm of snow fell in the Wasatch
Mountains, producing the largest orographic precipita-
tion event of the field program. IOP3 also featured
intense spatial gradients in precipitation over the wind-
ward and leeward slopes of the Wasatch and precipita-
tion enhancement over the upstream lowlands near
OGD (Cox 2002; Shafer 2002). In the following analy-
sis, emphasis is placed on determining the influence of
orographic circulations upon the precipitation distribu-
tion of the event.

We begin by describing the datasets and methods
used to perform the analysis, including dual-Doppler
analysis techniques. In section 3, data from a number of
observing platforms, including the NOAA WP-3D and
two DOW radars, are used to describe the kinematic
and precipitation structure of the event near the Wa-
satch Mountains. Section 4 presents a summary sche-
matic and compares findings with other observational,
numerical, and theoretical studies of orographic pre-
cipitation and airflow dynamics. The paper concludes
with a summary and recommendations for future work.

FIG. 1. Topographic and geographic features of (a) northern
Utah and (b) the Wasatch Front near Ogden. Location abbrevia-
tions and station identifiers are Alta (ATB), Antelope Island
(SNX), Ben Lomond Peak (BLP), Ben Lomond SNOTEL site
(BLPU1), DOW2 site, DOW3 site, Hat Island (HAT), Huntsville
(IPX4), Lewis Peak (LPK), Monte Cristo Range (MC Range),
Oasis (LMR), Ogden (OGD), Ogden Peak (OGP), Powder
Mountain (PMT), the Promontory Point WSR–88D (KMTX),
Provo (PVU), Salt Lake City (SLC), Snowbasin–Base (SBE),
Snowbasin–Middle Bowl (SNI), Snowbasin–Strawberry Base
(SB1), Southern Causeway (IPX2), Syracuse (QSY), and Thur-
ston Peak (TPK). Cross-section locations annotated. Terrain
shading based on scale in lower left of (a).
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2. Data and methods

During IOP3, the NOAA WP-3D research aircraft
executed four multilevel flight stacks normal to the Wa-
satch Mountains and roughly parallel to the crest-level
flow. Each stack featured two flight legs at and above
crest level (oriented roughly along line A–B in Fig. 1a)
and two flight legs at lower levels upstream of the Wa-
satch Mountains. Flight leg elevations were not fixed
from stack to stack, but were occasionally modified to
meet microphysical sampling needs. On some flight
stacks, spiral ascents/descents were interlaced between
flight legs. Airborne meteorological observations in-
cluded 1-s flight-level observations of temperature,
moisture, wind, and vertical velocity, as well as radar
reflectivity from the tail-mounted X-band Doppler ra-
dar. An equipment problem limited the use of aft radar
scans, thus preventing pseudo-dual-Doppler synthesis
of the three-dimensional wind field along the flight
track (e.g., Jorgensen et al. 1996). As a result, only
tail-radar reflectivities are presented. At the surface,
high-density observations were provided by National
Severe Storms Laboratory (NSSL) mobile labs and by
the MesoWest cooperative networks, which are man-
aged by the University of Utah (Horel et al. 2002).
Schultz et al. (2002) describe these datasets in detail.

For cross-section analyses, flight-level observations
were time–space adjusted (Fujita 1963) to two observa-
tion times (1735 and 2035 UTC) corresponding to the
launch of GPS radiosondes by NSSL mobile labs at
Oasis (LMR) and OGD (see Fig. 1a for locations). Fol-
lowing Neiman and Shapiro (1993), this was done by
assuming that the primary synoptic feature of the event,
a midlevel trough, was in steady state and moving at a
fixed-phase velocity. Errors can arise from these as-
sumptions (see Neiman and Shapiro 1993), and a pri-
mary concern in the present case is that observations of
the midlevel trough need to be time–space adjusted,
whereas those of the orographic storm do not. To par-
tially mitigate this concern, a time–space adjustment
was used primarily to examine the structure of the
storm windward of the Wasatch Mountains where the
orographic response would likely be strongest at and
below crest level. Since NSSL mobile laboratory sound-
ings and MesoWest observations provided the majority
of observations below crest level, the aircraft data were
adjusted to the sounding launch times, which preserved
the low-level kinematic and thermodynamic structure
relative to the barrier. The WP-3D equivalent potential
temperature with respect to ice (�ei) observations were
also adjusted to account for a small (�1 K) bias relative
to the NSSL radiosondes.

The near-barrier flow field was examined using data
collected by two University of Oklahoma DOW X-
band radars (Wurman et al. 1997), which were posi-
tioned beneath the flight stacks and just upstream of
the Wasatch Mountains (Fig. 1b). The two DOWs
(DOW2 and DOW3) were sited �20 km from the Wa-

satch crest and along a 20-km north–south baseline.
The resulting dual-Doppler lobe covered the area be-
tween the mountain crest and the Great Salt Lake.

Radar volumes from each of the DOWs were ana-
lyzed at 20–30 min intervals from 1832 to 2134 UTC 12
February. DOW3 used a 180° plan position indicator
(PPI) strategy with elevation angles of 1.0°, 2.4°, 3.4°,
4.5°, 5.5°, 6.5°, 7.9°, 9.9°, 11.9°, and 14.9°, scanning to-
ward the Wasatch Mountains for all but one volume.
DOW2 used a 360° PPI strategy with elevation angles
of 0.0°, 1.3°, 2.5°, 3.5°, 4.5°, 5.5°, 6.5°, 7.9°, 9.9°, 11.9°,
14.9°, and 17.9° from 1832 to 2030 UTC. After 2030
UTC, DOW2 used the same scan strategy as DOW3.

DOW data were processed using software developed
by the National Center for Atmospheric Research
(NCAR). SOLO was used to reorient and edit the data,
REORDER was used for the interpolation, and
CEDRIC (Custom Editing and Display of Reduced In-
formation in Cartesian Space) was used to perform the
dual-Doppler synthesis and vertical integration (Mohr
and Miller 1983). Reorientation was based on GPS lo-
cations of nearby ground clutter targets, such as pow-
erline intersections and hedgerows. The data were then
thresholded at a normalized coherent power (NCP)
value of 0.4, and ground clutter was removed based on
reflectivity and velocity signatures. No problems were
encountered with velocity folding, or with sidelobe and
second trip echoes. Beam blockage limited data cover-
age east of the high mountain peaks.

A Cressman (1959) distance-weighted scheme was
used to interpolate the DOW data to a Cartesian grid
with 500-m horizontal and vertical grid spacing. The
radii of influence varied with height to improve data
coverage while eliminating interpolation artifacts.
From the lowest level (300 m above lake level) above
radar elevation (1265 m MSL) to 3000 m MSL, the
horizontal and vertical radii of influence were 500 m.
Above 3000 m MSL, the vertical (horizontal) radius of
influence was 125 (750) m. This elliptical volume of
influence reduced the contamination of data from dy-
namically distinct layers above and below the level of
interest.

Dual-Doppler synthesis and vertical integration were
then performed using CEDRIC. Prior to the synthesis
of a 2D wind field, the data at levels above 3000 m MSL
were thresholded on the octant field to remove inter-
polation errors produced by the horizontal spacing of
data points in the spherical coordinate system. Synthe-
sis was performed using the two-equation method. Ter-
minal fall speed velocities were determined by an in-
ferred relationship to maximum reflectivity (Atlas et al.
1973), and a density correction was applied following
the technique of Foote and du Toit (1969). The hori-
zontal wind field was smoothed with a Leise two-step
filter and patcher function in CEDRIC.

A variational scheme (upward/downward) was used
in the vertical integration of the convergence field to
determine vertical velocities. The lower boundary con-
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